The effects of hydrogen peroxide (H202) on the action of basally produced endothelium-derived relaxing factor (EDRF) were investigated by measuring cGMP accumulation in single and cocultures of calf pulmonary artery endothelial cells (CPAEs) and rabbit pulmonary artery smooth muscle cells (RPASMs) as a model for determining the contribution of EDRF dysfunction to altered vascular tone and reactivity frequently associated with oxidant-induced vascular injury. Higher cGMP levels in long-term cocultures (20.4± 1.8 pmollmg protein/15 min) than in single-cell cultures (CPAE, 9.6±0.9 pmollmg protein/15 min; RPASM, 3.7±0.2 pmol/mg protein/15 min), and CPAE-induced increases (fivefold) in intracellular RPASM cGMP content in short-term cocultures suggest basal release of EDRF. Basal generation and release of an L-arginine-derived endothelial labile factor accounted for the increases in cGMP, since the response was completely blocked by pretreatment of CPAEs with NG monomethyl L-arginine. Pretreatment of long-term cocultures with H202 for 30 minutes resulted in a dose-dependent (0.5-2 mM) decrease in cGMP formation (49-79%o). To determine the effects of H202 on EDRF synthesis, transport, and RPASM responsiveness, CPAEs or RPASMs were selectively pretreated with H202 before establishment of short-term cocultures. In cocultures of H202-pretreated CPAEs with untreated RPASMs, RPASM cGMP levels were reduced, suggesting a decrease in EDRF production rather than deterioration of EDRF during transport, because cGMP levels were unaffected by posttreatment with oxygen radical scavengers during coculture. Pretreatment of RPASMs with H202 attenuated the untreated CPAE-induced, the putative EDRF S-nitroso-L-cysteine-induced, or the nitroprusside-induced increases in RPASM cGMP levels. This attenuation was prevented by pretreatment with either dimethylthiourea, deferoxamine, or dithiothreitol, suggesting a mechanism of H202 action involving iron-catalyzed formation of intracellular hydroxyl radicals and their attack on cellular thiols. H202 diminution of cGMP accumulation was not associated with lytic cell injury in the experimental time frame, because morphology and`tCr release from prelabeled RPASMs and CPAEs were unchanged. (Circulation Research 1992;70:326-340) P artially reduced and activated oxygen species are increasingly recognized as mediators of vascular injury associated with various diseases.' Although oxidants can be produced by numerous reactions, neutrophils likely constitute a major source.
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The effects of hydrogen peroxide (H202) on the action of basally produced endothelium-derived relaxing factor (EDRF) were investigated by measuring cGMP accumulation in single and cocultures of calf pulmonary artery endothelial cells (CPAEs) and rabbit pulmonary artery smooth muscle cells (RPASMs) as a model for determining the contribution of EDRF dysfunction to altered vascular tone and reactivity frequently associated with oxidant-induced vascular injury. Higher cGMP levels in long-term cocultures (20.4± 1.8 pmollmg protein/15 min) than in single-cell cultures (CPAE, 9. 6±0.9 pmollmg protein/15 min; RPASM, 3 .7±0.2 pmol/mg protein/15 min), and CPAE-induced increases (fivefold) in intracellular RPASM cGMP content in short-term cocultures suggest basal release of EDRF. Basal generation and release of an L-arginine-derived endothelial labile factor accounted for the increases in cGMP, since the response was completely blocked by pretreatment of CPAEs with NG monomethyl L-arginine. Pretreatment of long-term cocultures with H202 for 30 minutes resulted in a dose-dependent (0.5-2 mM) decrease in cGMP formation (49-79%o) . To determine the effects of H202 on EDRF synthesis, transport, and RPASM responsiveness, CPAEs or RPASMs were selectively pretreated with H202 before establishment of short-term cocultures. In cocultures of H202-pretreated CPAEs with untreated RPASMs, RPASM cGMP levels were reduced, suggesting a decrease in EDRF production rather than deterioration of EDRF during transport, because cGMP levels were unaffected by posttreatment with oxygen radical scavengers during coculture. Pretreatment of RPASMs with H202 attenuated the untreated CPAE-induced, the putative EDRF S-nitroso-L-cysteine-induced, or the nitroprusside-induced increases in RPASM cGMP levels. This attenuation was prevented by pretreatment with either dimethylthiourea, deferoxamine, or dithiothreitol, suggesting a mechanism of H202 action involving iron-catalyzed formation of intracellular hydroxyl radicals and their attack on cellular thiols. H202 diminution of cGMP accumulation was not associated with lytic cell injury in the experimental time frame, because morphology and`tCr release from prelabeled RPASMs and CPAEs were unchanged. (Circulation Research 1992;70:326-340) P artially reduced and activated oxygen species are increasingly recognized as mediators of vascular injury associated with various diseases.' Although oxidants can be produced by numerous reactions, neutrophils likely constitute a major source. 2, 3 During the course of intravascular activation of neutrophils, oxygen radicals are generated in sufficient quantities to overwhelm defense mechanisms. As a consequence, functional alterations may occur with the manifestations of altered vascular tone, reactivity, and permeability before or associated with the loss of the structural integrity of the vascular wall.4,5 Although several oxygen metabolites have been implicated as mediators of neutrophil-induced injury, hydrogen peroxide (H202) appears to be a principal component involved.6
Alterations in vascular tone and reactivity may result from H202 acting directly on the smooth muscle cells or by interfering with endothelium-dependent vasoregulatory mechanisms. Vascular endothelium appears to modulate the tone of the underlying smooth muscle7,8 by synthesizing and releasing vasodilator and vasoconstrictor substances both under basal conditions and on stimulation by a variety of agents.9-12 Substantial evidence suggests that endothelium-derived relaxing factor (EDRF) is one of the most potent substances responsible for vasorelaxation. EDRF is a nitric oxide-containing labile humoral compound that elicits vasodilation by stimulating the soluble guanylate cyclase to increase cGMP levels in the smooth muscle cells, an effect shared with organic nitrates and sodium nitroprusside. [13] [14] [15] [16] In view of the importance of the endothelium in determining vascular tone, the loss of endotheliumdependent vasodilation may contribute to vasomotor abnormalities as seen in some pathological situations. Impaired agonist-stimulated endothelium-dependent responses have been demonstrated in various models of hypertension, atherosclerosis, and ischemia/reperfusion injury.'7 Although changes in drug-induced vasoactive responses in pathological situations are of considerable interest, alterations in the action of the basally secreted EDRF may be of equal importance. Since EDRF increases cGMP levels of smooth muscle cells, a diminished cGMP accumulation to basal EDRF may represent a biochemical mechanism contributing to vasomotor abnormalities. Accordingly, in the present study, cocultures of endothelial and smooth muscle cells preincubated with a bolus of H202 were used to characterize the effects of oxidant stress on the production, transport, and action of basally released EDRF, as reflected by smooth muscle cGMP levels. When it appeared that H202 treatment significantly affected endothelium-induced cGMP accumulation, we investigated the responsiveness of the smooth muscle cells to exogenous vasodilators, and further experiments were designed to delineate the mechanisms of altered cGMP formation caused by the oxidant stress.
Materials and Methods Cell Culture
Endothelial cells from calf pulmonary artery and smooth muscle cells from rabbit pulmonary artery were harvested nonenzymatically and identified using previously published procedures.18 Cells were mechanically subcultured, using a rubber policeman, for up to 30 times. Smooth muscle cells were grown in T-75 tissue culture flasks (Corning Glass Inc., Corning, N.Y.) in Dulbecco's modified Eagle's medium (GIBCO Laboratories, Grand Island, N.Y.) supplemented with 10% fetal bovine serum, 100 mM sodium pyruvate, 10 mM MEM nonessential amino acids (GIBCO), 10,000 units/l penicillin (Sigma Chemical, Co., St. Louis, Mo.), and 10,000 units/l streptomycin (Sigma). Culture medium was changed twice weekly. Confluent smooth muscle cells were subcultured (1:6) onto 24-well tissue culture plates (Costar Corp., Cambridge, Mass.). Endothelial cells were grown as monolayers in T-75 tissue culture flasks (Corning) in Medium 199 (Mediatech, Inc., Washington, DC) supplemented with 10% fetal bovine serum (Hyclone Laboratories Inc., Logan, Utah), penicillin, and streptomycin. Culture medium was changed twice weekly. Endothelial cells were used together with smooth muscle cells in longand short-term cocultures or alone in single endothelial cultures. To establish long-term cocultures, endothelial cells were seeded on top of a confluent smooth muscle cell layer. For short-term cocultures, endothelial cells were subcultured onto glass coverslips (12-mm-diameter circles, Fisher) in 24-well tissue culture plates (Costar) in the media described above. Each subculture of endothelial cells was monitored for 1) morphology using phase-contrast microscopy, 2) size, and 3) angiotensin converting enzyme activity using [3H]benzoyl-Phe-Ala-Pro as a substrate.19 All cultures were allowed to grow at 37°C under 5% CO2 in air. Experiments were performed between passages 5-24 and at 3-6 days after confluence. Experimental Design: Determination of Basal Release of EDRF Long-term cocultures. The contribution of endothelial cells to the cGMP content of smooth muscle cells in long-term cultures was determined. Each 24multiwell plate contained single cultures of smooth muscle cells, single cultures of endothelial cells, and cocultures of smooth muscle and endothelial cells, in which smooth muscle and endothelial cells were age-matched to those in single cultures. After 4 or 5 days of coculture, growth medium was aspirated, and cells were washed twice with Earle's balanced salt solution. Cultures were then incubated in Earle's balanced salt solution containing 1 mM 3-isobutyl-1methylxanthine (IBMX), a cyclic nucleotide phosphodiesterase inhibitor, to prevent the breakdown of synthesized cGMP. After 15 minutes, the medium was rapidly aspirated, and 250 ,ul of 0.1N HCh was added to each well to stop enzymatic reactions and to extract cGMP. Thirty minutes later, the HCl extract was collected, and the cell remnant was removed from the wells by adding hot 1.ON NaOH and scraping the well with a rubber policeman. The HCl extract was analyzed for cGMP by radioimmunoassay, and the NaOH-solubilized samples were used for protein determination. Short-termn cocultures. Smooth muscle cells were grown in 24-multiwell plates, and endothelial cells were grown on glass coverslips. Short-term cocultures were established by gently transferring coverslips with the endothelial cells into smooth muscle cellcontaining wells with the aid of fine forceps. After a 10-minute equilibration period, the Earle's balanced salt solution was aspirated and replaced with Earle's balanced salt solution containing IBMX. After 15 minutes, the IBMX solution was aspirated, the coverslips with endothelial cells were removed from the wells, and intracellular cGMP content of the smooth muscle cells was quantified as described above.
Contribution ofnitric oxide synthesis to basal release of EDRF. By using a selective and competitive inhibitor of L-arginine-derived nitric oxide synthesis, we investigated whether endothelial synthesis of nitric oxide accounts for increases in smooth muscle cGMP levels, in response to endothelial cells.20,21 Long-term cocultures of smooth muscle and endothelial cells were preincubated with L-arginine (1 mM), NG-monomethyl L-arginine (300 ,uM), or L-arginine (1 mM) plus NG-monomethyl L-arginine (300 ,uM) for 30 minutes before determining cGMP accumulation. As controls, single cultures of smooth muscle cells (without endothelial cells) were similarly pretreated, and basal cGMP levels or cGMP accumulation to exogenous nitrovasodilators, including the putative EDRF S-nitroso-L-cysteine, and sodium nitroprusside were determined afterwards.22 S-Nitroso-L-cysteine was kindly provided by Dr. James Bates, Department of Anesthesia, University of Iowa. Our short-term coculture model allowed us to selectively pretreat endothelial cells with L-arginine (1 mM), NG-monomethyl L-arginine (300 ,uM), or L-arginine (1 mM) plus NG-monomethyl L-arginine (300 gM) for 30 minutes before coculture and thus also study the effects of these substances on endothelial cells alone.
Experimental Design: Effect of Oxidant Stress on Smooth Muscle cGMP Accumulation in Response to Endothelial Cells or Vasodilators
Long-term cocultures. Long-term cocultures of smooth muscle-endothelial cells were washed twice with Earle's balanced salt solution before a 30minute preincubation with Earle's balanced salt solution containing increasing concentrations of H202.
H202 was made fresh daily by diluting a 30% H202 stock solution (Sigma) with Earle's balanced salt solution; the final H202 concentration was determined spectrophotometrically at 240 nm. Earle's balanced salt solution-pretreated cocultures were used as controls. After 30 minutes of preincubation, the Earle's balanced salt or the H202 solution was removed, each well was washed twice with Earle's balanced salt solution, and cGMP was measured as described above.
Short-term cocultures. In the short-term coculture model, endothelial or smooth muscle cells were selectively pretreated with H202, before establishment of cocultures and cGMP levels were determined in smooth muscle cells only, therefore enabling us to distinguish between production of EDRF and responsiveness of smooth muscle cells to EDRF.
Single cultures of smooth muscle cells. We also investigated the effect of H202 preincubation on cyclic nucleotide accumulation induced by various vasodilators. S-Nitroso-L-cysteine and sodium nitroprusside were selected as representative drugs from nitric oxide-releasing vasodilators. To test the selectivity of the oxidant effect on the cGMP pathway, smooth muscle cultures were treated with isoproterenol to stimulate adenylate cyclase. Catalase (2.2-110 units/ml), mannitol (25-100 mM), dimethylthiourea (1-20 mM) , deferoxamine (1-20 mM), and dithiothreitol (1 ,M-2 mM) were used to determine the ultimate radical species and their targets that are involved in the action of H202. After washing smooth muscle cultures twice with Earle's balanced salt solution, the cultures were preincubated with H202 for 30 minutes in the presence or absence of scavengers. The medium was then aspirated, and cultures were washed twice and incubated in Earle's balanced salt solution containing IBMX for 10 minutes before addition of the vasoactive agent (S-nitroso-L-cysteine, nitroprusside, or isoproterenol). The agent was allowed to stimulate the cells for 5 minutes before the medium was rapidly removed, and cGMP was extracted as described above.
Radioimmunoassay for cGMP and cAMP
Monoclonal antibody for cGMP was a generous gift from Dr. Ferid Murad, Abbott Laboratories. Antibody for cAMP was provided by Dr. Gary Brooker, Department of Biochemistry, Georgetown University. The radioligands (1251-succinyl-cGMP tyrosine methyl ester and 1251-succinyl-cAMP tyrosine methyl ester) were prepared in our laboratory. Stock solutions of the succinyl tyrosine methyl esters of cGMP and cAMP (Sigma) were made up in 50 mM sodium acetate buffer, pH 4.75, and iodinated by the method of Hunter and Greenwood23 using carrierfree 1251 (Du Pont, New England Nuclear, Boston, Mass.). The iodination reaction products were separated by reverse-phase high-performance liquid chromatography. 24 Radioimmunoassay was performed using the Gammaflow automated radioimmunoassay system.25 Standard stock solutions of cGMP and cAMP (20 ,uM) were prepared in 0.1N HCI, and the absorbance of the solution was routinely monitored spectrophotometrically (model UV-160A, Shimadzu). Standard dilutions (0.63-80 nM) were made from the stock solution. The HCI extract containing cGMP was used for radioimmunoassay directly, whereas cAMP samples were first acetylated using triethylamine and acetic anhydride (Aldrich Chemical Co., Inc., Milwaukee, Wis.) before assay.
Protein Determination
Protein content of the supernatant of the centrifuged (2,000 rpm for 5 minutes at room temperature) NaOH-solubilized samples was measured by the Bradford method.26 Sample aliquots were combined with the protein binding dye (Bio-Rad Laboratories, Richmond, Calif.), and optical density was determined at 630 nm using a multiwell plate reader (Dynatech Laboratories, Inc., Chantilly, Va.). Bovine albumin (fraction V, Sigma) was used as standard.
Measurement of Cytotoxicity
To quantify possible cytotoxic effects of H202 on smooth muscle cells, endothelial cells, or cocultures, the sensitive 51Cr release method of Chopra et a127 was used. Cultures were incubated with labeling media containing Na,"5CrO4 (1 ,uCi/well) in serum-free Medium 199 plus 25 mM HEPES, pH 7.4, for 3 hours and then washed once with serum-free Medium 199 plus 25 mM HEPES, pH 7.4, and twice with Earle's balanced salt solution to remove extracellular 5`Cr. After labeling, protocols identical to cGMP experiments were repeated. Each incubation fraction (H202 medium, IBMX medium) was collected, and spontaneous or experimentally induced 51Cr release was measured. The specific cell injury index was calculated: index= 100x (A-B)/(C-B), where A is chromium release from H202-treated wells, B is spontaneous chromium release from control (Earle's balanced salt solution-treated) wells, and C is total releasable chromium determined by lysing the cells with 1.ON NaOH at the end of the experiment and calculating for each well the sum of 51Cr released into the incubation fractions and into the cell lysates.
To determine whether this assay is capable of detecting cellular injury in a relatively short (45minute) period of time, smooth muscle cells were prelabeled with 51Cr, as above, and the cell injury index was determined after a 30-minute exposure of cultures to cytotoxic concentrations of detergent Triton X-100 (0.1%), sodium hypochlorite (10 mM), or high concentrations (30 mM) of H202.
Sulfzydryl Deternination
Reduced sulfhydryls present in smooth muscle cells were determined by their reaction with dithionitrobenzoic acid. 28 Smooth muscle cells were grown in 9-cm-diameter culture plates and were preincubated with increasing concentrations of H202 for 30 minutes. After rigorous washing, protein and nonprotein sulfhydryls were separated by precipitating cellular proteins with 6% trichloroacetic acid. The samples were iced for 10 minutes before proteins were pelleted by centrifugation. The precipitate was resuspended by short sonication in 2 M guanidine thiocyanate, 500 mM Tris, and 10 mM EDTA. Aliquots from both the protein solution (for the determination of protein sulfhydryls) and the centrifuged supernatant fractions (for the determination of the acid-soluble sulfhydryls) were combined with dithionitrobenzoic acid, and 210 ,ul combined solution was transferred into wells of a microtiter plate. Optical densities were measured at 410 nm using a plate reader (Dynatech Laboratories). Sulfhydryl concentration was calculated on the basis of a reduced glutathione standard curve. Data Analysis Data are presented as mean+SEM of the indicated number of individual cultures. Data are expressed either as actual values of cGMP in picomoles per milligram of protein per 15 minutes or as a percent of the control value. Statistical comparisons between groups were performed using one-way analysis of variance followed by the Newman-Keuls multiple-range test, unless indicated otherwise. Differences among means were considered significant atp<0.05.
Results

Determination of Basal Release of EDRF
Long-term cocultures. Phase-contrast microscopy indicated that in cocultures small islets of endothelial cells were formed on top of the smooth muscle layers throughout the well. At the same time, basal cGMP levels were found to be higher in cocultures than in age-matched single cultures of either smooth muscle cells or endothelial cells ( Figure 1A ). This endothelial cell-induced increase in cGMP levels could be modulated by pretreatment of cocultures with known substrate or inhibitor of nitric oxide synthesis ( Figure  1B ). In these experiments, cGMP levels of 6.4+0.4 pmol/mg protein/15 min were found in control (vehicle-pretreated) cocultures, representing a 3.3-fold increase from the cGMP levels of age-matched smooth muscle cultures (1.9+0.05 pmol/mg protein/15 min). Pretreatment of cocultures with L-arginine (1 mM for 30 minutes) resulted in a further increase in coculture cGMP levels (13.9±+1.0 pmol/mg protein/15 min). cGMP levels of 2.6+0.03 pmol/mg protein/15 min were found in NG-monomethyl L-arginine (300 ,uM)-treated cocultures, which were not statistically different from smooth muscle cGMP levels. The inhibitory action of NGmonomethyl L-arginine on coculture cGMP accumulation could be overcome by L-arginine (9.7±0.5 pmol/mg protein/15 min). As shown in Figure 2 , identical pretreatments caused no alterations in basal smooth muscle cGMP content (Figure 2A ); furthermore, there were no effects of NG-monomethyl L-arginine on smooth muscle cGMP accumulation in response to either S-nitroso-L-cysteine (100 ,uM) or sodium nitroprusside (100 gM) ( Figure 2B ). Short-term cocultures. Intracellular cGMP levels of 1.7±0.1 pmol/mg protein (n= 12) were found in control smooth muscle cells (incubated with coverslips devoid of endothelial cells). A fivefold increase in smooth muscle intracellular cGMP content (8.5±1.1 pmol/mg protein/15 min, n=12) was observed when coverslips with endothelial cells were transferred to smooth muscle cultures, so that the endothelial monolayer faced toward the smooth muscle cells. The mediator of this endothelial cellinduced increase in intracellular smooth muscle cGMP appeared to be a labile humoral factor. Although a mixture of oxygen radical scavengers (35 units/ml superoxide dismutase, 110 units/ml catalase, and 10 mM dimethylthiourea) did not potentiate cGMP accumulation in this type of coculture ( Figure  3A cell-induced cGMP accumulation, and L-arginine (although it had no significant effects by itself) partially reversed the inhibitory effects of NG-monomethyl L-arginine ( Figure 3B ).
Effects of Oxidant Stress on Smooth Muscle cGMP
Accumulation in Response to Endothelial Cells Long-term cocultures pretreated with increasing doses of H202 for 30 minutes exhibited a dosedependent decrease in cGMP levels (Figure 4 ). However, over the same H202 concentration range, 51Cr ML-NEEA release did not exceed the spontaneous release during either the 30-minute period of H202 preincubation or subsequent 15 minutes of IBMX exposure (Figure 4 , insert). In addition, phase-contrast microscopy revealed no alterations in the morphological appearance of H202-treated cultures, and no differences were found in protein content of control (0.147+0.004 mg protein/well, n = 12) and 1 mM H202-treated cocultures (0.145-+±0.004 mg protein/ well, n =6). The short-term coculture model was used to determine possible sites of H202 action on endothelium-dependent cGMP formation. When endothelial cells were grown on glass coverslips and were pretreated with increasing doses of H202 for 30 minutes before transfer onto untreated smooth muscle cultures, the endothelial cell-induced increase in cGMP levels was diminished in a concentrationdependent manner ( Figure 5A ). Neither treatment with H202 nor subsequent manipulation during trans- fer of coverslips was associated with any cytotoxicity, as evidenced by the 51Cr release from endothelial cells (cell injury index of 0±6 with Earle's balanced salt solution and 4±1 with 2 mM H202) as well as by morphological examination with phase-contrast microscopy. To evaluate further the extent of oxidant injury elicited by hydrogen peroxide, the viability of endothelial cells at 3 hours after oxidant stress was determined. Endothelial cells were pretreated with Earle's balanced salt solution or with 1 mM H202 for 30 minutes. After the 30-minute period of preincubation, the cells were cultured in full media or in Earle's balanced salt solution for an additional 3 hours. As before, at the end of the 30-minute period of H202 incubation, there was no increased 51Cr release from endothelial cells. No increased release of 51Cr (specific cell injury index of 1.1±0.2 in salt solution versus 0+1.6 in full media) was observed at 3 hours, even in salt solution, in the absence of H202 pretreatment. In cultures exposed to 1 mM H202 followed by 3 hours in full media, a cell injury index of 12.9+3 was found, whereas 51Cr release revealed considerable endothelial cell lysis after a 3-hour culture in salt solution (cell injury index of 45.1+2.1).
Basal cGMP levels were also reduced in H202pretreated smooth muscle cells that were short-termcocultured with untreated endothelial cells ( Figure  5B , bars labeled D). The concentration dependence of the inhibition was similar to that in cocultures of H202-pretreated endothelial cells with unexposed smooth muscle cells (41-65% for H202 concentration range of 0.5-2 mM).
To examine whether continuous production of oxygen radicals (despite a rigorous washout after preincubation with H202) might deteriorate EDRF in transit, cocultures were established in the presence of oxygen radical scavengers. The decrease in cGMP levels elicited by H202 was unaffected by posttreatment with a scavenger mixture containing catalase (110 units/ml), superoxide dismutase (35 units/ml), and dimethylthiourea (10 mM) in either smooth muscle cells cocultured with H202-pretreated endothelial cells or in H202-pretreated smooth muscle cells cocultured with untreated endothelial cells ( 
Effects of Oxidant Stress on Smooth Muscle cGMP Accumulation in Response to Vasodilators
In single smooth muscle cultures, sodium nitroprusside stimulated cGMP production in a doseand time-dependent manner. Maximal stimulation was achieved after a 5-minute incubation with 100 ,uM sodium nitroprusside. S-Nitroso-L-cysteine at 100 ,uM produced a comparable increase in smooth muscle cell-associated cGMP. Similarly, isoproterenol (1 ,M for 5 minutes) caused elevation in cAMP levels.
H202 pretreatment of smooth muscle cells for 30 minutes reduced basal cGMP levels and inhibited cGMP accumulation to S-nitroso-L-cysteine and sodium nitroprusside to a similar degree ( Figure 6A) . No decrease was observed in the GTP-dependent isoproterenol (1 ,M)-stimulated cAMP levels at 0.5 and 1 mM H202, and only 23% inhibition was seen at the highest (2 mM) concentration ( Figure 6B ). Reduction of sodium nitroprusside-stimulated cGMP accumulation was dose dependent with threshold concentration of -500 ,uM and with maximal inhibi- Figure 6B ). There were no appreciable morphological alterations at the level of phase-contrast microscopy, and no differences were found in the protein content of control cultures (0.133+0.007 mg protein/well, n=45) versus 1 mM H202-treated smooth muscle cultures (0.124+0.007 mg protein/well, n =45). In addition, the 51Cr release assay revealed no cytotoxicity: specific injury index of control versus H202-treated cultures in the H202 concentration range of 0.25-2 mM was unchanged ( Figure 7A ). As a positive control, a 30-minute exposure of the cultures to 30 mM H202 caused morphological alterations of the smooth muscle cells, associated with increased release of 51Cr within 30 minutes (12±t2% cell injury index). Additionally, a cell injury index of 51+1 and of 58±2 (n=5) was found after treatment of smooth muscle cells with Triton X-100 (0.1%) and sodium hypochlorite (10 mM), respectively (Figure 7A , insert). In addition to changes in intracellular cGMP accumulations, extracellular cGMP levels were also decreased after H202 exposure of smooth muscle cells. Basal levels of extracellular cGMP of 0.178±0.029 pmol/well/15 min were found in control cultures in the absence of nitroprusside treatment. H202 (2 mM) pretreatment produced no change in these levels (0.161±0.019 pmol/well/15 min). Sodium nitroprusside caused a threefold increase in extracellular cGMP (0.604±0.047 pmol/well/15 min). An approximately 50% reduction in sodium nitroprusside-stimulated extracellular cGMP levels was seen with 1 and 2 mM H202 ( Figure 7B ).
Mechanisms of Interference With cGMP Accumulation
Time course experiments indicated that increasing the duration of H202 exposure (0-30 minutes) results in a time-dependent reduction in cGMP content ( Figure 8A ). Addition of catalase (2.2 units/ml) into the media immediately after the initiation of H202 incubation (1 mM) totally prevented the oxidative stress-induced reduction in cGMP content; however, cGMP levels were significantly decreased if catalase was introduced after the addition of H202 ( Figure 8B ).
Hydroxyl radical scavengers were also tested for their ability to protect cGMP production. Mannitol (25-100 mM) did not affect either control or H202treated cells (Figure 9A ), whereas dimethylthiourea (>10 mM) completely restored cGMP levels ( Figure  9B ). Dimethylthiourea offered full protection even when added 5 minutes after initiation of H202, but protection was lost if dimethylthiourea was present only during the IBMX incubation and sodium nitroprusside stimulation ( Figure 9B , bars labeled H202 DMTU B and C). cGMP levels were found to be higher in cultures pretreated with the iron chelator deferoxamine for 30 minutes before H202 exposure than in cultures exposed to H202 only, although the levels were still lower than in control cultures (Table 1) . When deferoxamine was added simultaneously with H202, no change was noted in cGMP content compared with wells treated with H202 only. The deferoxamineinduced increase in cGMP levels was diminished in cultures exposed to iron salts during the interval between the deferoxamine and H202 incubations ( Table 1) .
After treatment of smooth muscle cells with increasing concentration of H202, decreased amounts of reduced sulfhydryls were found in both acid soluble and insoluble cell fractions (Figure lOA) . Dithiothreitol, a thiol-reducing agent, completely antagonized the H202-induced decrease in cGMP levels (Figure lOB) .
Discussion The purpose of this study was to investigate the effects of H202, a toxic metabolite of activated neutrophils, on the action of basally released EDRF; we hypothesized that changes in endothelium-dependent cGMP formation in vascular smooth muscle may constitute a biochemical mechanism underlying the altered vascular tone and reactivity associated with oxidant-induced vascular injury. The major findings were that 1) the mere presence of endothelial cells increases cGMP levels in cultured vascular smooth muscle cells via basal release of EDRF; 2) the endothelial cell-induced smooth muscle cGMP accumulation is diminished after the H202 treatment by at least two different mechanisms: either by rendering endothelial cells unable to synthesize EDRF or rendering smooth muscle cells unable to respond to normal amount of EDRF with increases in cGMP levels; 3) H202 treatment selectively affects cyclic nucleotide accumulation: it significantly inhibits cGMP production while cAMP accumulation is either not affected or only slightly diminished; 4) H202 impairment in cGMP accumulation occurs at a time when the morphological appearance of the cells is unchanged, there is no increased release of intracellular 51Cr, and cell viability is maintained; and 5) diminished cGMP accumulation is likely due to the intracellular actions of H202 involving iron-catalyzed formation of hydroxyl radicals and subsequent reduction of cellular thiols.
Cocultures of vascular endothelial and smooth muscle cells have been used repeatedly to demonstrate release of EDRF, as reflected by endothelial cellstimulated cGMP content of the smooth muscle cells. 21, 29, 30 From these and other studies, it is evident that a variety of agents that produce endotheliumdependent vasodilation in vivo or in vitro in isolated vascular segments also induce the formation and release, from cultured endothelial cells, of a short- 2 lived humoral factor having properties characteristic of EDRF.21,29-31 Some studies have also suggested a basal release of this substance from pharmacologically unstimulated endothelial cells. 21,29,3' In our study, we found higher basal cGMP levels in longterm cocultures than in single cultures of either cell type, in the absence of pharmacological stimuli. This finding suggests basal release of EDRF, although the contribution of each cell type to the elevated cGMP levels cannot be defined specifically in long-term cocultures. This was investigated in further detail in short-term cocultures, in which the presence of endothelial cells caused a significant increase in the intracellular cGMP levels of the smooth muscle cells. Cell-to-cell contact was not necessary, but distance and transit time are likely determinants for the phenomenon.
In both of our coculture models, endothelial cellinduced increase in smooth muscle cGMP accumulation was completely blocked by NG-monomethyl L-arginine, an agent known to antagonize endothelium-dependent vascular relaxations induced by acetylcholine, the calcium ionophore A23187, and substance P without affecting the endotheliumindependent relaxation of rabbit aortic rings by nitroglycerin or sodium nitroprusside.20 Similarly, NG_ monomethyl L-arginine was also shown to inhibit cGMP accumulation by bradykinin, melittin, ATP, and A23187 in cocultures of bovine pulmonary arterial endothelial cells and vascular smooth muscle cells.2' In our model, the site of the inhibitory action of NG-monomethyl L-arginine was restricted to the endothelial cells, as neither basal nor sodium nitroprussideor the putative EDRF S-nitroso-L-cysteine-elicited cGMP accumulation was altered in the smooth muscle cells. Furthermore, the inhibition of cGMP accumulation by N0-monomethyl L-arginine was reversed by L-arginine, and in the long-term coculture model, L-arginine supplementation alone stimulated cGMP accumulation, suggesting that basal production and release of an L-argininederived endothelial factor (closely resembling EDRF released from large vessels in response to acetylcholine or EDRF released from cultured endothelial cells in response to bradykinin) accounts for the increases in cGMP levels found in our cocultures, under basal conditions. Although the reason for the differences in the effects of L-arginine in short-term versus long-term cocultures is not clear, differences in endogenous L-arginine stores between confluent versus proliferating endothelial cells might be a causal factor. In the present study, H202 pretreatment of the long-term cocultures caused a decrease in cGMP levels, suggesting a diminution in the action of basal EDRF. There are several possibilities whereby oxidative stress might interfere with endothelium-stimulated cGMP accumulation, including the release of EDRF or the ability of the smooth muscle cells to respond to EDRF. The contribution of each of these potential mechanisms to the decrease in cGMP levels was examined in short-term cocultures. In cocultures of H202-pretreated endothelial cells and untreated smooth muscle cells, cGMP content was lower than that found in controls, suggesting a decrease in the available amount of the stimulatory substance. On the basis of 1) morphological appearance with phasecontrast microscopy and 2) the 51Cr release assay, the inhibition of EDRF after a 30-minute exposure to peroxide was not associated with cytolytic endothelial injury. This conclusion is in agreement with several reports demonstrating that brief exposures of endothelial cells to concentrations of H202 similar to those used in the present experiments are unlikely to cause significant cytolysis within the time frame of our study.32-35 Assessment of cell viability at 3 hours after a 30-minute exposure to H202 also indicated that the oxidant stress elicited by millimo-lar concentration of H202 was sublytic in nature (87% viability at 3 hours, if the cells were returned to normal media). It was also evident that peroxide treatment initiated functional alterations in endothelial cells that could exacerbate cell death (45%) later, if the cells were superimposed onto the subsequent stress of culturing in a serum-free salt solution only.
It was important to distinguish between the inability of endothelial cells to produce and secrete EDRF and the effect of H202 on released EDRF itself. Since the inhibition in the endothelium-dependent stimulation of cGMP accumulation was observed a fairly long time after exposure to H202 and after several washes of the cultures, it appears unlikely that H202 had a direct effect on EDRF. However, continuous generation of different oxygen radicals after H202 exposure of cells could not be excluded. If the radicals caused deterioration of EDRF during transit through the extracellular space, then posttreatment with scavengers, after H202, would probably have restored EDRF activity.36 However, cGMP levels were unaffected by the application of a mixture of catalase, superoxide dismutase, and DMTU (to scavenge H202 and superoxide and hydroxyl radicals, respectively). Thus, we conclude that H202 treatment of endothelial cells likely rendered the cells unable to produce basal EDRF.
In cocultures of H202-pretreated smooth muscle and untreated endothelial cells, cGMP levels were also reduced, suggesting impaired response of the smooth muscle cells to EDRF. Stimulation of single cultures of smooth muscle cells with S-nitroso-Lcysteine, sodium nitroprusside, or isoproterenol after H202 treatment also indicated a selective inhibition of the guanylate cyclase activation. Above a threshold concentration of hydrogen peroxide, the diminution in cGMP accumulation occurred rapidly and was causally related to H202, as evidenced by the timedependent protective effects of catalase. The alterations in smooth muscle cell cGMP responses occurred in the absence of lytic injury, as reflected by different criteria, such as morphology, protein content of the cultures, and 51Cr release assay, demonstrated to be able in detecting cytotoxicity within as early as 30 minutes, as shown in the present study and previously reported by others. 27 Since H202 is considered to be a poorly reactive oxygen metabolite,37 the short period of time necessary to induce significant inhibition of cGMP accumulation suggests the possible formation of a more potent oxidant metabolite of H202. To test the hypothesis that the hydroxyl radical may be involved in the effects of H202, rabbit pulmonary artery smooth muscle cells were pretreated with H202 in the presence of known hydroxyl radical scavengers. Although mannitol did not affect cGMP levels, dimethylthiourea ameliorated the oxidative stress-induced inhibition of sodium nitroprusside action. Similar discrepancies in the protective effects of mannitol and dimethylthiourea against H202-induced endothelial cytotoxicity have been reported by others. 38 It is possible that hydroxyl radicals are formed at intracellular sites inaccessible to mannitol. Iron can catalyze the formation of the hydroxyl radical from H202 (the Fenton reaction), and this sequence has been implicated in the genesis of cellular injury.3839 To investigate the role of iron, cultures of smooth muscle cells were pretreated before oxidative stress with deferoxamine, a relatively specific and very potent chelator of iron. Deferoxamine pretreatment partially restored the sensitivity of the smooth muscle cells to sodium nitroprusside. The protection likely represents an intracellular action of deferoxamine rather than extracellular chelation of iron or some interaction with H202 itself, because the simultaneous addition of deferoxamine with the H202 bolus (rather than as a pretreatment) offered no protection. To further examine the role of intracellular iron in this process, we exposed smooth muscle cells to iron salts before oxidative stress and after chelating the intracellular iron with deferoxamine. This was aimed at replenishing the intracellular iron pools and at decreasing the protective effect of deferoxamine. These experiments suggest that iron-catalyzed generation of intracellular hydroxyl radicals mediate, at least in part, the H202-induced inhibition of nitrovasodilatorand EDRF-stimulated cGMP accumulation in smooth muscle cells.
Various chemical groups in different cellular constituents have been identified as targets of oxidant injury. Oxidation of reduced sulfhydryls appears to be a conduit for oxidative damage.40 In single cultures of smooth muscle cells, pretreatment with increasing concentrations of H202 decreased thiols in both protein and nonprotein compartments. This observation, together with the finding that the thiol protective agent dithiothreitol sup- pressed the H202 effect on cGMP levels, suggests that the loss of sulfhydryls at crucial steps in the synthesis of cGMP may be, at least in part, responsible for the attenuation in cGMP accumulation. In this regard, substrate availability, alteration of the enzyme itself, or the metabolism of sodium nitroprusside and EDRF to form the ultimate stimulator of guanylate cyclase should be considered. To our knowledge, there is no data available on GTP levels in oxidant-exposed cells. It has been shown previously that oxidative injury severely compromises ATP content of different cells.41'42 We did not determine ATP and GTP levels specifically; however, our finding of unchanged GTP-dependent isoproterenol-stimulated cAMP levels (up to 1 mM H202) clearly indicates that under our experimental conditions intracellular ATP and GTP levels did not reach sufficiently low levels to limit cyclic nucleotide generation. The basis of this conclusion is that GTP is essential for the transduction of the f-receptor signal to the catalytic unit of adenylate cyclase, for which ATP is the substrate. 43 Previously we have observed that phosphodiesterase inhibition with IBMX is associated with a 10-fold increase in cAMP levels that is due to basal activity of adenylate cyclase in cultured smooth muscle cells and that isoproterenol is capable of inducing a further ele- vation of cAMP.4 Therefore, in the present study, unchanged isoproterenol-stimulated cAMP content represents normal basal activity of adenylate cyclase and unaltered signal transduction mechanisms. Thus, mechanisms other than GTP (substrate) limitation should account for the ability of H202 to almost totally suppress sodium nitroprusside-induced increase in cGMP levels. Since extracellular cGMP levels were also reduced after H202 treatment, it is also evident that a simple loss of cellular cGMP into the extracellular space is not responsible for decreases in intracellular cGMP. Studies with highly purified enzyme indicate that free thiol groups are required for basal and agoniststimulated activity of hepatic guanylate cyclase45 and that modification of free thiols influences the activity of lung guanylate cyclase. 46 Recently it was reported that peroxides are able to release iron promoters of the Fenton reaction from hemoglobin.47 A similar mechanism (i.e., the modification of guanylate cyclase by the release of iron and by site-specific formation of hydroxyl radicals from H202, in close proximity to the enzyme) may offer an explanation for the selective inhibition of cGMP production.
Furthermore, cellular thiols have also been found to interact with nitric oxide to bring about guanylate cyclase activation by nitrovasodilators. 48 Our results clearly indicate the importance of thiols either on the The current study suggests that both basal EDRF guanylate cyclase itself or as intermediates in the production and guanylate cyclase machinery are taraction of nitric oxide-containing vasodilators. gets of oxidant stress in cultured vascular cells. Although the threshold concentrations of hydrogen peroxide necessary to induce EDRF dysfunction were in the 100-gm range, it is apparent that this functional alteration occurred before appreciable ultrastructural changes and is temporally dissociated from lytic cell injury. Recent demonstrations that EDRF is a real entity in vivo17 and that chemical inhibition of basal EDRF secretion alters systemic or local hemodynamics4950 delineate the importance of the cGMP regulatory mechanism in vascular diseases. The participation of neutrophils and their toxic oxygen metabolites in vascular injuries associated with the life-threatening settings of adult respiratory distress syndrome4 or the ischemia/reperfusion syndrome of the heart5 is well established. In the course of their activation, neutrophils adhere firmly to vascular endothelium or to other target cells forming a sequestered microenvironment wherein the diluting and scavenging effect of the plasma is limited.51 Massive secretion of H202 (>100 nmol/106 neutrophils) was detected after in vitro activation of neutrophils over a 60-minute period, and similarly, it was speculated that millimolar concentrations of H202 may be achieved in inflammatory lesions containing neutrophils.5253 Although the experimental conditions used in this study are difficult to compare with those present in vivo, on the basis of the above rates of production of H202, high concentrations of the toxic metabolites may accumulate in the inflammatory sites of vessel wall and exert effects on vasoregulation. Whether inhibition of EDRF actions contributes to the imbalance of simultaneously present vasoactive signals, leading to alteration of vascular tone and reactivity, needs to be determined. If this turns out to be the case, our study suggests that a thiol-reducing or scavenger therapy designed to interfere with the site-specific reactions of these radicals may offer critical protection.
